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CHAPTER I

INTRODUCTION

Although man has recently acquiréd the_ability

to travel to the moon and will, in time, reach the
other planets, the majoriéy of space exploration in the
next several yearg will be accomplished with unmanned
vehicles. Because most of these ﬁiééiohs‘Will be .to
one or more of the planets, they will be of long duration.

To supply power reduirementé of these space veﬁicles
long—liveé, reliable power sources must be used. Because
the varied po&er requirements will range From low voltage,
high current to high voltage, low éurrent drains, it will
be necessary to provide several systems to supply the
power. Figure 1 (4, Ch. 1) illustrates the qapabilities
of various powef production methods. As can be seen, =~
only reactors, solar cells and radioisotopes are suitable
for long range missions. Because of their dependence on
solar energy, solar cells would not be suitable for missions
to the oﬁter planets and must bé éliminated.

This investigation conCerns'ifsélf with using directly
" the energy from a radioactive source to produce high voltage,
Alow curreﬁt electricity. Such a device occupiep the extreme
lower right corner of Figure 1. It is clearly possible
to produce the High current and low Qoltaqe requirements

¢, ™

- . e . . . s y . o - -
with reactors and radioisotopes in conjunction with mechanical
b L

cycles or thermionic or thermoelectric converters. (3,4)
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The production of high voltages has previqusly
'beeq acéﬁmpiished by.the'use of transformers oxr

'rotating machinery; For the production of 10 KV both

of these methods involve complex and expensiﬁe equipment.
- A de&ice for the direct conversion of nuclear energy to
electrical energy seems to hold a_greét deal of proﬁiée
as long as the current requirementé do not exceed the
microanp rénge. Sﬁch devices would be éxtremely simple
and deéign and, therefore, very reliable and inexpenéive.
As with all radioisotopic power sourceg, their iifetimes
-would depénd on the isotope employed. Radiation hazards

could,bé designedrto be quite low.



CHAPTER II

STATEMENT OF THE PROBLEM

It is the purpose of this investigatioﬁ to'produce

a design of'arhigh voltage, low current power sourqé for

use on aﬁ unmanned, long term space mission. The duration
of the mission is estimated to be between three and five
years. The design current and voltage requirements are

| in the vicinity of one microampere and 10 KV respectively.
The weight of the device is to be as low as possible

~while maintaining the requirements of the source; Dose
level outside the source is to be compatible with
instrumentation aboard the vehicle. Because specific
dose levels were not available at the time of this paper,
dose levels will be reduced as much as is allowed by the
other constraints of the problem. o

The method of attack will be to design and build a

device using laboratory amounts'of activity and to test

~ this device under simulated space conditions. Current and
voltage measurements taken on'this séurcéAWill‘be extrapolated
“to obtain the characteristics of a prbfotfpe péwer source.

| Due to the low quality vacuum émployeﬁ in the
experiment and the inexact construction of tﬁe dbvice ‘there
will be some uncertainty.in the results. HMevertheless, they
should give a gooq.feel for what might be expected from this

type of source.
e



CHAPTER III

PREVIOUS WORK

Previous work in the field of obtaining'high
voltage and/or current from a radioactive material was
done as éarly as 1913 by Mosley (11). Using silver
spheres in a vacuum and twenty millicuries of radium he
obtained a voltage of 150 KV immediately before break-
down. The current produced was calculated to be about
10—ll amps.  The next significant work dome in the field
was by E.G. Linder and S.M. Christian at RCA in Princeton,
New Jersey (7, 8, 9). Their source material was 250

millicuries of sr9° 90. The geometry was essentially

90

Y

90_,

cylindrical. The Sr was contained on the inner
surface of a nickle cylinder and placed im an evacuated
copper collector cyliﬂder plated with aluminum. Results
obtained from this apparatus were 1.05 x lﬂ-g amps at zero
voltage and a peak vqltage of 365 KV.

In the early fifties, J.H. Coleman {2) experimented
with a solid insulating material separatimg hisveléctrodes
instead of a Qacuum. Thevgeometry was again CY¥lindrical
iand the components were made of aluminum. Using 25 millicuries

90_Y90 1l

of Sr ; a zero voltage current of 5 = lQ— 3 anps was

obtained. 3 x 10—10 amps were available at 100% collection

~

efficiency. Using 10 millicuries 4 x IO—EE amps were obtained

..
%



out of 1.2 x 10~ 1Y amps available. A maximum voltage
of 7000 V was reached. No appreciable change in current
was réported as' the voltage increased.

In_all cases, the conclusions drawn were that the
_sourées worked well, but the amount of power fhey produced
was so small it could not be used. Application Qf material
with high concentrations of radioactive nuclei obtained
~ from reactor cases (l)_was evidently not considered. 1In
fhé investigation it is hoped to extend the results out-
lined above by designing a one p amp power supply employing

the highly concentrated materials mentioned above.



CHAPTER IV

THEORY

The basic.configuration of the power soﬁrce is shown
- in Figure 2. A layer of radioactive méterial (B) is

coated oﬁ a hollow condqcting support sphere (A). A hollow
conducting collector sphere (C).is electrically insulated
from the support sphere which it surrounds.

Either an o or a B~ emitting material may be used
to coat the support sphere. If a B~ source wére used,
the B~ particles leaving the support sphere would leave
a net positive charge there. The B particles would strike
the collector sphere, which would bé thiéi enough to stop
all of them, and leave a net negative charge on it. The
accumulated charge would result in a potential being
created acfoss the gabhbetween the two spheres. BAs a
result of this potential, a current would flow from the
support sphere through the load to the collector. If an o
source were substituted for the-B- source, the charges
would be reversed. '

The voltége is limited by the separation of the two
ispheres (10). This would be a poor method of voltage
control, however, since a breakdown would resglﬁpin a step
voltage decrease and some time would be regquired for the

-

voltage to recover. For reasons which will be explained

10
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latefg'the current produced by the power source is almost
constant with respect to changes in voltage. Because of
this faét; the voltage can be controlled by regulating'
the resistance through which the current must flow.

Because this paper deals ohly with devices USiné
B eﬁitting source materials, the particular theory
discussed will deal with this case. a emitting sources
are not consideredia‘good solution to the problem because
the tange of an d_particle is sb sﬁort.that coating any
amount of activity on a support sphere becomes a problem.

The current prodﬁced by the device is due to the
emitted é_ particles. Thése particles are emitted from
the source material by the reaction,

x2 > xA+s’+'§)‘

yA +1
z

A typical energy spectrum for a 8; source is shown in
Figure 3 (5, Ch. 17). The kinetic energy of the partigie
as it leaves the parent nﬁcleus determines the potential
which it can overcome on its flight to the collector.

A .3 Mev B particle, for example, could overcome a
potential of 300 KV if it sufferedrno pqllis;qps during

. flight. Thus, as shown in Figure 4, the fraétion of the
area under the curve which lies to the Ieft of potential,

- - . e { .
V is the fraction of the B particles which will not be

able to overcome the potential while the fraction of the

P
.

12
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area to the right of V represents the fraction of the
particles which can overcome tﬁe potential.

'It is evident that if Emax ié high enough and V low
ehough the cutoff energy will lie in the low energy

tail of the curve and the current variations with voltage
will.be small. This is the case with.the power source

being considered. It should be men?ionedbthat because

most particles will not be emitted directly at the collector,
only the component of energy directed at the_colléctor'

will be effective in dvercoming the potenfial. If Eo is

the actual enexgy of tbe particle and Q-is the angle at

which the particle will impact on the collector, the

- effective energy'of the particle is given below.
Eeff = Eo Sin B.

(See Figure 5)
Since Eeff is less than Eo’ the fraction 5f the particles
which reaches the collector will be;reduced; This
-effect can be minimized by using‘a spﬁeriba; geometry
'with a émall support sphere. .As is illustrated in Figure S,
this will make 6 close to 90° and, theréfogé, Eeff will
.be close to Eg

The insulatin& material between the support sphere

’ t

and the collector must allow passage of the 8" particles

with little attenuation or ionization. For a device

P
A
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operating in space, the obvious insulator would be
the vacuum ifself. The Breakdown voltage of the free
space vacuum is considered to be 30 KV/cm\for the purpose
of this invéStigation. Thus, a .33 cm separétion between
the spheres would be required to maintain a 10 RV potential.
At atmospheric pressure, the ionization rate for B
particles is about'és ion pairs /cm (5, Ch. 18). At this
pressure, the source could not build up a potential bécause
the ions produced in the gas wouid cancel the accumulating
charge. As the gas pressure in the device'is reduced, the
jonization rate will decrease until in the wvacuum of space

(10-'16' __10*17

Torr)vthe ionization rate will beaeéSentially
‘Zero.

The current produced by the sourcevwilllbe the net
transfer of B~ particles from the support sphere to the
collector. Thus, the losses in the system must be subtracted
from the emission rate of the source material. One source
of loss, ionization of residual gas in the deviée, has béen
discussed and found to be negligible. Other loss mechanisms
which musf be discussed are self absorption, shadow effects,
 back scattering and secondapy glectron pro&mctién.

Self absorption as its name suggests is the absorption
of B~ particles in the layer of emitting material itself.
Shadow effects are similar in that they account for the

i

non-production absorption of B particles im the structure

PR
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of the power source other than the collector. Back
>scattering éccbunts for those particles which may be
‘scattered back out of the collector or out of the support
sphere. -Secondary electron production accounts for
atomic electrons which may be knocked off of the collector
by incedent 8 particles. Because of the negative charge
on the collector,fany Bi particle>or secondary electron
scattered 6ut of it will be accelerated back to the
support sphere caﬁceling.some of the current.

Two methods of controling secondary electron emission
are available. They are the use of a matérial with a
high work function or the use of a supressor grid bétween
the two spheres. A material with a high work function will
be harder to dislodge electrons from while a supressor
grid charged negatively with respect to éhe collector would
refurn secondary electrons to the collector as shown iq_“
Figure 6. Since no information is available on the
production of secondary electrons by high energy B
spectra, the secondary electron data for this investigation
" will be experimental.
External radiation dose‘from the device arises from
: two sources, the bremsst:ahlung from the 8 pafticles
"slowing down and any Yy rays emitted by the source material.
Bremsstrahlung dose may be reduced by using a E%w zZ
material in the collector and also by choasiﬁg a material

which emits only low energy particles. Yy dose can be

. ~
A 3
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reduced by choosing a radioactive material which emits
very few or 'very low energy Y rays. These properties
of the material must be considered in selecting the best

‘source.

20



CHAPTER V

THE EXPERIMENT

The pilot device for the experimental portion of

the investigation was constructed of aluminum using p32

as a source material. Aluminum was selected because it
is easy to machine, has good electrical properties and
has a low atomic number to ieduce bremsstrahlung. p32
was selected because it is a pure B emitter which
decays to a stable isotope. It is also easily produced

32

in the reactor. The B8 spectrum of P has an end point

energy of 1.7 Mev and has a B spectrum similar to Sr90
which is expected to be employed in the prototype. The

32 Jliows practical observation

fourteen day half life of P
of the degree to which the current follows the decay of_..
the isotope. Although a spherical geometry is considerxed
most ideal, a cylindrical geometry was used to facilitate:
.fabrication. ) ~

Figure 7 shows the details of the collector cylinder.
The minimum wall thickness was calculated to be sufficient
to stop all of the B~ particles. Vaiious thiqknesses
‘were used to save the cost of machining the available stock
at the time of construction. o

32

P for the source was obtained by irradiating

Potassium Phosphate Tribasic, K3PO4'XH2O im the MIT reactor.

L
.

21
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Prior to irrédiation, several samples were dried to determine
their weightpércent éf water. This value was found to

be .12.9%. Care must be taken in determining this number
because the material is mildly hygroscopic.

.78722g of K3PO4°XH20, which contains‘.lOQg of

natural phosphorous was irradiated in positioﬁ 23 of

s

the MIT reactor for a period of_4.45 days at a flux

level of 5Ax lO13

32

n/cm?—sec.' After a five day coolin§
period, the P activity was calculatéd to be 100 milli—
curies. | c

Figure 8 shows the container which held the_radio—
- active material during and after irfadiation. It was
" machined froﬁ a standard small irradiation container.
The thick section near thé top of;the cylinder was used
to support it while the éap was presséd into place.

Figure 9 shows an exploded view of the central

assembly which holds the source container in place. The
support rod was machined from a solid aluminum bar, th;T
colar from polyethylene and the:bar from lucitqf The
lucite bar élso served as an insulator betweeg the
central assemﬁly and the collector.»qugg;g‘1Q‘$hpws the
~ assembled device.

Two vacuum sysfems were used during the'experiment;
In the early phases.a forepump only system and in the '
final phase a diffusion pump system. These sysgéms were
used to evacuate a bell jar which contéined_the experimental

equipment. In all tases, .the vacuum was measured with an

error of ¥10s. p

23
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Voltage and current measurements which will be
'described late£ were made with a Kiethlef battery

poWéred electrometer; Model DC VIVM 200 B in the firét
two phaseé and a Kiethley Model 610_BVElectrometerlin
thé’third phase of the experiment. The ﬁbdél.ZOO B is
capable of %oitage measurements betweeﬁ .008 and 20 Volts.
When used inAconjunction with a Decade Current Shunt
Léuppliéd with the instrument, current measurements between

2 and 8 x 10—14 amps may be made. The model 610 B

2 x 10
is capable of voltage measufements froﬁ -001 to lOO_lets.
It is capaBle of_other measﬁremeﬁts but wés.only used as
a voltmeter. The accuracy.of both instruments is *1s.

Resistors used'in the experiment were manufacturedv.
by the Victoreen Instrumeét Compahy, Cleveland, Ohio.
Eleven resistors in all were used as a load for the deVice,
‘three (4 x 10'! *12) 0 resistors and eight (1.4 x 10%t *10%)
Q resistors. All resistors were manufactured under the
trade'name "Hi Meg".

The capacitor used was an Aerox V146XR-34 paper
capacitor wiﬁh a value of 1uf f1o0s.

. The actual experiment was. conducted in three phases.

In Phase T the:curreht produced by the device was ﬁut

.through a known resistance consisting of the eleven resistors

mentioned above connected in series. The purpbse'of this
phase was to determine how well the current put out by the

32

device would follow the decay curve of the P ., From the

«, ™
.
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known resistance and the measured current, the voltage
was also caiculated. Due to interference from outside
soﬁrceé, it was found necessary torshieid the entire
setup witﬁ a wire mesh screen.

In Phase II the power soufc¢ wés allowed to chargg
for a period of timé‘after which it was discharged and
the aécumulated charge was measured as a voltage on a

scaling capacitor accordihg to the relation

where V. is the actual voltage on the power source, v is
the measured voltage on the scaling capacitor, ¢ is the
value of the scaling capacitor ahd_é is éﬂe capacitance
of the power source. Appendix I contains a derivation of
this formula. In Phases I and II, the vacuum system
which had only the meéﬁanical pump was used.

Phasg IIT is essentially the same as Phase II, the
major difference being that the diffusion pump vacuum
system was used instead of the forepump system. The purpose
" of Phases II and III was to détermine the maximum voltage
thch the device would accomodate.

For all three phasés of the experiment, the device
was set up as shown in Figure 10. Figure'll_ilinstrates
the wifing scheme for Phase I. The current meter shown

was the Model 200 Bfelectrometer set up as a ﬁ ammeter.

e ™
.
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After the system had been evacuated, current measurements
‘were taken 5ver a period of several weeks to eétablish

a decay curve. Figure 12 illustrates the equivalent circuit
for:Phase I configuration. Ri is the internal resiétance

of the device and was measured to be about’lol49. r is the

12

external resistance'and was 2.3 x 1077Q. fhe measured
¢apacitance of the device'was 2.27 x ZLO'_4 farads.

Figure 13 iilustrates the wiring for Phases II and III
of the experiment. iﬁ Phase I1I, ﬁhe.SWitChing was
accomplished by a mousetrap‘electricallf connected to the
central assembly. A chain was held away from the trigger
by a magnét'outside the bell ﬁar. To close the switch,
the magnet was removed allowing the falling chain to
activate the mousetrap. When the switch was closed the
voltage developed on the device was measured on the
scaling capacitor reduced by a factor of gu The voltmeter
shown is the 200 B electrometer set up.és a voltmeter.—.

In Phase III the only changes made from Phase II
were the substitution of the diffusion pump vacuum system
for the forepump system, the 610 B electrometer for the
210 B, and a flat aluminum plate for the mousetrap in the
switch. The chain falling on the plate completed the

"circuit instead of the mousetrap.

- 30
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CHAPTER VI
CALCULATTONS AND RESULTS

Table 1 lists the results from phase I. Figure 14

is a.plot of the results.

Table 1

Results of Phase T

Qgﬁg Vacuun (u tg) éurrent (xloﬁll amps)
14 Jan 1970 w0 6.0
15 Jan 1970 22 5.4
16 Jan 1970 21 - 5.0
18 Jan 1970 18 4.5
20 Jan 1970 19 4.3
21 Jan 1970 . 17 4.12
22 Jan 1970 17 3.95
23 Jan 1970 18 3.78
10 Feb 1970 40 1.62
.12 Feb 1970 31 1.55
20 Feb 1970 . 40 1.16

‘A least squares fit of the data shows a half life of
16.4 days. This is within 15% of the 14.3 day half
. . ;n
life of P32. It is felt that this value is within

acceptable limits due o the interference introduced

« ™
.
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-

into the current measurements by extraneous electric
fieldé in tﬁe vicinity of the instruments.

The total current available from the 100 millicures
of acti?ity was 5.92 x 10710 amps. Since 6.0 x 10”1 |
amps was the measured current, only lO.l%iof the available
B~ particles were beiﬁg utiiized. The measured current |

12 Q

would produce 140.5 Volts across the 2.3 x 10
resistance. B
‘Phase IT of the experiment yielded the following

results.

Table 2
Phase II Results

Unscaled' Scale Factor .Act. Voltage Pressure (mm Hg)
. Voltage ' ‘“

.02 V 4.4 x 102 880 V 1.8 x 1072
.009 V " 496 Vv 2.5 x 1072
.006 V u 284V 3.0 x 1072
.006 V v 284 v 3.0 x 1072
Phase III yielded the following results.
Table 3
.Phase III Results
Unscaled Scaled Pressure Chargihg
Voltage Voltage (mm Hg) Time (Hrs.)
.12 5270 V 2 x 107° 7
) o : -5 ﬁi
141 6200 V 1.9 x 10 28
.155 6820 V 1.9 x 10°° 24
.152 . 6680 V 1.9 x 107° 25
.151 6640 V. 1.9 x 107> 69

35



It should be noted that an upper limit of about 6800
- Volts was established.
The accuracy of the measurements in phases II and

III is about 110% due to the uncertainty in the activity

of the source and the variations in the circuit components.

36



CHAPTER VII

INTERPRETATION OF TEE RESULTS

It was mentioned before that the actual current
put out by the device is the emissiqn rate of the
radioactive material less all B particles which are
lost to the mechanisms mentioned in Chapter III. Each
of these loss mechaqisms will be appliea'ﬁo the power
source treated in the experimént.

© . Ionization was foﬁhd to be negligible at the

pressures thch exist ins%de the bell jar.

Self absorp%ion in the source material and in
the thin wall of the source container was calculated
under the assumption that all the 8 particles were
emitted from a line source locaﬁed at the axis of the
container, and that an average Bf particie was emitted
at an angle of 45° to this line source. Rangeﬂcalculations
(5, Ch. 21) showed that 69.6% of the B particles emitted

32

from P7” did not have the 1l.1-Mev required to penetrate

the .517g/cm2 of K PO4 and aluminum which separated them

3
- from the surface of the source container if the P32.spectrum

- shape were assumed to be of the same shape as the Srgo'

Gt
spectrum. (See figure 16)
If the source material were approximated by a.

sphere of the’same aiameter as the cylindrical source

Vi
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container, it was found that shadow effects and B particles
passing through the écceés hole in the cyliﬂder subtended
20% of the 4m soiid angle surrounding the source materiai.
All of these S" par%icles‘were lost to the system.

The thick disk at the bottom of the source container
wasdfound to subtend 5.5% of the 4w solid angle around
the source, and it attenuated 100% of the B particles
incedent upon it if they first had to penetrate the same
thickness of K3PO4 as those particles existihg through
the thin window. Thus; 77.4% of the particles were lost
to absorption in one form or another. Since only 10.5%
of the available current was measured, 12.1% of the‘current
must have been lost through back scattering ana secondary
electron productién. Back scattering losses at the collector
were approximately compensated for by extra electrons |
knocked off the source container by the B  particles passing
through it. The entire 12.1% discrepancyvis, therefore,
attributal to secondary electrons produced at the collector.
The secondary electron production was, therefo;g, .536
secondary electrons for each primary B; particle.

There wére two main reasons why- Phase II yielded
volfages substantially lower than those called for in the

"problemn. Theée are poor vacuum and the buildup time of

the device.

38



The poor vacuum was the major factor_éontributinq to the
low voltage Figure 15 (10) is a plot of breakdown voltage
‘vs. electrode separétion times pressure. Since eiectrode
separation in the pilotébvice was about 10 cm, it can be
seen that the breakdown voltages for the pressures at which
fhase'II measureﬁents varied frbm about 400 Volts at 30
microns to about 700 Volts'at 18 microns. When the
uncertainty of the.measured pressure and variations in
teﬁperature and humidity are consideréd,"iﬁ is felt that the
results are near optimum for the pressures used.

Prior to the closiné of the switqh,’the power
source was.expected to charge like a simple capacitorl

-according to the equation -

At the time Phase II of the experiment was run, the curfent
was about 2 x 10"ll amps. Thus, the charging rate of the
device was .85 V/sec. At this rate twenEy minutes would

be needed for 11000 Volts to build uﬁ. Since it was not

known when the vacuum becéﬁe good enough fo% the device to

" start charging, it was possible that the voltage was measured
at some time prior fo the build up of maximum voltage.

5

-— {
-The 2 x.10 - mm Hg vacuum achieved im Phaé% III

allowed higher voltages to be built.up; At this pressure,

e, ™
.
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the poiﬁt of‘Qperation is far to the 1left of the minimum
pressure in‘Figure 15. The upper limit in this case is
not expected to be due to breakaown but to the fact that
charge leakage from irregularities in the structure

of the power source at the end point voltage Qas equal

to the rate of charge accumulation from the B source.

.
~

A more carefully constructed device would have attained

a higher voltage.
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CHAPTER VIIIX

CONCLUSIONS

From the preceeding resulté it appears»that the
powef source would be a feasible undertakiné if it were
carefully constructed to minimize losses. Due to its
voltage and current characterisﬁics, however, the device
would find application only in specialized instrumentation
such as charged particle detectors.

The radiation field generated by the device may
limit its usefulness near radiation sensitive instruménts.
The dose may be reduced by either distancé or shielding
or both, perhaps at the cost of some weight. The radio-
active material may require some specialized and, therefore,
quite expensive manufacturing and handling techniques; On
the other hand, the simple design and lifetime of the power
source make it an extremely reliable device for long term
applications. It is also thermally insensitive and
extremely ruggéd.

The fact that the upper‘limit was imposed by the
leakage from ifregularities in the Structuie of the device,
.together with the results obtained by previous investigators,
indicates that much higher Voitageé than 10 KV &buld be
‘obtained merely be increasing the separation of the two

spheres if they were carefully constructed. The current

ya
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i

- coulé.be increased by increasing the'activify of the source
mateﬁial alfhough this wouid increase the exteénal dose
rate.

It would appéar, nevertheless, that the present level

of technology is capable of producing this power source if

" the need for it were great enough.
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CHAPTER TIX

" SPECIFIC EXAMPLES

. This chapter considers the design of devices using

90 171

both Sr

and Tn as 'a radiocactive source material.

The design characteristics of the source a lp amp at

10 RV.

90

Sr has a 28 year half life and is ideally suited

Sr90

for missions of extreme length. and its daughter

Y90

e

emit high energy B8 particles which give rise to

penetrating bremsstrahlung. The reaction is

90 .54MevB
28y ° 6.4n

90 2.27Mev8~'

Sr > ngoh(stable)

Tml7l, on the other hand, emits very soft B particles —

and a soft y ray. These emissions give rise to much

" Jower doses than Sr°’. The reaction is

~171 .097,.030 MevB

171
Tm 1.9Y

> Yb (stable)

The 1.9 year half life of Tml7l, however, limits its

‘application to shorter missions on the order of a year .
in length unless instruments that can tolerate $Rrg

-current ranges are used.

PL
t
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IBecause l?ss intense bremsstrahlung are
_generqted wHenv8— particles slow down in low %
materials; the collector and support spheres will be
made of beryllium which has a Z of four.

The chemical form of Sr used in the power source
will be SxrO which is obtainable with a'specific_activity
of 208 curiés/cm3. (1) The SroO wiil be coated on a
support as shown in Figure 2. ‘

The collector sphere will be thick enough to
stop all of the emitted B— particles. 1406 mg/crﬁ2 or
.760 cm of beryllium is the range of the 2.27 Mev B

20 (5, Ch. 21). This then will be the

spectrum from Y
" thickness of the collector. -

An arbitrar§ thickness of 1 mm willke uséd for
the support spheré.

The amount of activity deposited on the support
sphere must be sufficient to supply the lp amp of curren£
required. Figure 16 shows that at 10 KV éssentially ali
the particles emitted from the source will reach the
collector. ©No losses due to potential will be considered.

12

1u amp is equivalent to '6.24 x 10 Bf particles per

second or 168 curies at 100% collection efficiency. Since

90

“the decay scheme of Sr yields two particles for each

aecay-only 84 curies would be required at 100% collection
A

- efficiency. If the source is designed to give lp amp at

a point halfway through a five year missiom, the decay

of the isotope wiL}*require 91.5 curies at the beginning of

-
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the mission. Half of the particles_émitted from the
source matefial will enter the support sphere. If it
is assumed that the ranée required for such a pérticle to
completely penetraﬁe the sphere and emerge on the other
side is 3>mm of beryllium or .555 g/cmz, it can be shown
that only 41.4% of the Y90 spectrum will péngtrate the
sphere. Thus, 21.2% of the emission rate info the sphere
and 10.6% of the total émissionrrate in all directioné
iwill penétrate thé'support sphepe; -This fact wiil
- boost the minimum activity to 151 curies.

Some of the B partiéles which entér the support
sphere will be scattered back out. This effect may-be

calculated from the back scattering cross-section

b~ 4
where B8 = g (5, Ch. 20)

Because baék scattering accounts for less than 6% of the
total B~ particle population and because back scattering
will occur at both the sﬁpport sphere and the collector,
it is assumed that thé effect cancels itself out.

The only remaiﬁing'loss mechanisms to be considered
"are‘the production of secondary electrons-and self
ébsorption. If the assumptidn is made that éhqmsecondary
electron production ratio is the same for befo&ium as for
‘aluminum, the total amount of activity reguired will be

«. ™
A
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326 curies. .This amount of activity contained in SrO will
weigh 5,80Ag and would be a layer .0050 cm or .0184'g/cm2
thick on a support sphere of 5 cm radius. The energy of

a B -particle with this range is.;l Mev. Tﬁe_fraction of
the combined Srgo, Y90 spectrum which lies below this
energy is about 9%. (See Figure 16) Therefore( the final
amount of activity éequired for thévsource fo produée

lﬁ amp will be 350 curies.

The external dose level from this power source wili
be due to bremsstrahlung. The dose level may be calculated
from the fact that the bremsstrahlung intensity from a
giveﬁ source is directly proportional to the Z of the
material in which the B particles slow down. (5, Ch. 21)
It can be shown from Arnold (1) that the dose from a beryllium

50 as a radioactive material will be

power source using Sr
454 mr/hr at one meter. ) —

If 12KV is the design voltage of the power souree
to allow a safety factor in the 10»KV rating, the sphere
separation will be .4 cm and the device will weigh 650 g
or l.43llbs.

The dose may be reducea by metﬁods stated in an
earlier chapter.. Because they are geherated by high
energy B8 particies, the bremsstrahlung will-be very
difficult to shield against. A device of thé §5ze‘abpve
shielded with one centimeter of lead will weiéht over
10 1bs. and the dosé will be reduced only by a factor of

«, ™

2. (5, Ch. 25)
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Tm171 may be substituted for the Sr90 as a B emitter.

fml7l'may be obtained in the chemical form
Tm203 wi£h a specific activity of 8648 ci/qm3. (1) The
émissions are pfedominantly .097 Me& B-'particles and
a .067 Mev vy ray. In 2% of the decays a .03 Mev 8
particle is emitted, but these are ignéred in this
chapter. )

Because the range of the B particle is only
. 013 g/cm2 or .007 cm of beryllium-thé;cdlléctbr need
be only thick enough to be structuraily sound. The
activity required to produée ly amp of current may-be
calculated to be 743 curies exclusive of self absorption
“effects. The two main con§iderations'whicﬁ~are
different in this case from the S£90 source are the
particles emitted into thé sphere are absorbed completely
instead of a few penetréting, and allowance must be made
for the fact that an appreciable fraction of the B~ —
spectrum will not overcome the 10 KV potential applied to
the source.

The short range of the emitted particles requires that
a véry thin layer of Tm203 be éeposited on the surface of
the support sphere. If a thick layer were present oniy a
thin layer of material would be contributiné t§ the current
pfoduded by the device. a

If 2 15 cm radius were used for the-supéort sphere,
a total of about 1500 curies would be fequired to produce.A

-

..
.
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iRT} am§ after self absorptiqn was considered. Assuming

a .4 c¢cm sphére separation and a 1 mm thickness for both
spheres, the weight 6f the dévice would be 2.58 1bs.

The external dose rate may be calculated to be 24.7 mr/hr
ét one meter, (1) This dose is very much 1owe£ than that

90

for a Sr source. It is a much softer dose as well. The

equivalent of one centimeter of lead will xeduce the dose

by -a factor of 2.5 x 10_3.

Thé major drawback to the use of Tm171 is, as has
been stated earlier, its short half life.

Although spherical geometry wasvconsidered above,
constfuction difficulties may warrant the use of a chiﬁdrical
geometry. This would introduce some extra weight and some

current losses due to edge effects. The saving in

manufacturing cost may justify these losses.
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APPENDIX I

DERIVATION OF THE VOLTAGE SCALING RELATIONSHIP

The experimental setup for Phase Ii may be viewed
as shown in Figure 17. Figure 17A is the device ﬁrior
to the closing of the switch. - Clvand C, are the capacitance
. values of the scaling capacitor and the power source
respectively. qy and 9, represent charge on each
capacitor and Vl and V2 are the voltages on the two
capacitors. Figure 17B shows the device after the switch
has Been closed. The primed letters represent the same
quantities as above after the switch has.been closed. -

Before the switch is closed,

v, is the charge built up on the power source by the

accumulated charge 9y

1) C2 =

<]Q
N

2

After the switch 1is closed,

2) gy t g, =4,

g’ q,’ : ‘
3) Cl = \-’——: 4) C2 = — 5) Vl = V2

PR
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From eguations 1) and>2),

1 ¥
. ap' * g
2

Vo

From equations 3)'and 4),

A 1 1
.ClVl + C2V2

Vo

e =N 2V1
2 v
2
But, C; = 1 x 1078 £ ana c, = 2.27 x 10711 £,
Therefore,
c,v,"
C o —_—
2 v
2
c
1
Vo = %yt
2°c, "1

Or the actual voltage on the device is very close to the

voltage measured on the sealing capacitor multiplied by

the ratio of the capacitance of the scaling capacitor to

the capacitance of the power source itself.

;l!

52



F1G-17

D <
| |
| |

I
OS,

N

53

@



10.

11.

REFERENCES

Arnold E.D., "Handbook of Shielding Reguirements
and Paa’ablon Characteristics of Isotopic Power
Sources for Terrestrial, Marine, and Space
Applications," ORNL - 3576. United States Atomic Energy
Commission, Division of Technical Information, 1964.

Coleman, J.H., "Radio Isotopic High Potential, Low
Current Sources," Nucleonics, 11 (December 1953),
42, ’

Corliss, W.R. and D.G. Harvey, Radio-Isotopic Power
" Generation, Prentice-Hall, Inc., Englewood Cliffs,
N.J., 1964.

Diekamp, H.M., Nuclear Space Power Systems, Atomics
International, Canoga Park, California, 1967.

Evans, R.D., The Atomic Nucleus, McGraw-Hill, New York,
1967.

Langer, L.M. and H.C. Price, Jr., "Beta Spectra of
Forbidden Tansitions," Physical Review, 76 (1949)
641.

Linde, E.G., "Nuclear Electrostatic Generator,"
Physical Review, 71 (1947) 129.

Linde, E.G. and S.M. Christian, "The Use of Radioactive
Material for the Generation of High Voltages,
Physical Review, 83 (1951) 233.

Linder, E.G. and S.M. Christian, "The Use of Radioactive
Material for the Generation of High Voltages,"
Journal of Applied Physics, 23 (November 1952) 1213.

Meek, J.M. and J.D. Craggs, Electrical Breakdown of
Gases, The Clarendon Press, Oxford, 1953.

Moseley, H.G.J., "The Attainment of High Potentials "
by the Use of Radium," Proceedings of thn Royal
Society of London, 88 (1913) 471. E

PL

54



